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Abstract 
To investigate the contribution of ras-related signalling molecules to the mechanotransduction process, stretch-sensing human 
periodontal ligament (PDL) fibroblasts were isolated and cultured in dishes with a flexible bottom. The cells were stimulated by stretching 
the bottom of the dishes and membrane fractions were prepared and analysed at the level of mapping small GTP-binding proteins by high 
resolution two-dimensional gel electrophoresis followed by renaturing transfer and an [a-32p]GTP-overlay procedure. This analysis 
revealed that mechanically-stretched PDL fibroblasts exhibit complete down-regulation of rhoA and induction of rab6, rabl7 and a 
putative member of the rab3 subfamily in a cell type-specific manner. 
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Remodelling of bone tissue, apart from a physiologic 
process, is triggered by force application, and this stimula- 
tion underlies various aspects of orthopedic and orthodon- 
tic treatment rationales. Bone cells like osteoblasts act as 
sensors of deformation in bone tissue that signal an an- 
abolic response if a deformation threshold is surpassed. 
The molecular events that follow this deformation within 
bone cells are not known. Many signalling pathways have 
been suggested including cAMP and prostaglandin E2 
changes, phosphoinositide involvement and intracellular 
calcium responses [1-3]. 
Orthodontists for more than a century now move teeth 
within the alveolar bone by applying forces on them. 
Tooth movement occurs as a result of the capacity of 
alveolar bone to remodel and is controlled by a balance 
between bone formation in periodontal ligament (PDL) 
tension sites and resorption in PDL compression sites [4]. 
Generally, tension in the area will ultimately lead to 
recruitment of new osteoblasts. According to Roberts et al. 
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[5], the osteoprogenitor cells that respond to mechanical 
loading reside throughout the PDL (the connective tissue 
interface between tooth and bone) and a series of at least 
two cell divisions is required for the transformation f the 
fibroblastic precursor cell to the osteoprogenitor cell. It has 
also been shown that PDL fibroblasts exhibit phenotypes 
typical of osteoblasts, uch as the ability to mineralize in 
vitro [6], intense alkaline phosphatase activity, synthesis of 
a protein immunologically cross-reactive with bovine bone 
gla protein (a highly reliable marker of osteoblastic cells) 
in response to treatment with 1 a,25-dihydroxyvitamin D 3 
and parathyroid hormone-dependent cAMP production [7]. 
A variety of experimental systems have been developed 
and applied to simulate the effect of mechanical stress in 
vitro. One of these systems employs culture dishes with a 
flexible bottom which can be stretched when placed on top 
of a spheroidal template. The cells that are attached on the 
growth surface are also stretched. A significant increase in 
DNA synthesis has been reported by applying this stretch- 
ing system on bone cells [8]. The aim of this study was to 
explore the signalling events downstream from the initial 
mechanoreception on the plasma membrane of stress-sensi- 
tive cells, with the main emphasis on small GTP-binding 
proteins (GTPases) of the ras superfamily. These proteins 
act as molecular switches regulating a diverse spectrum of 
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intracellular processes that include cellular proliferation 
and differentiation (ras and rap), cytoskeletal rchitecture 
(rho and rac) and vesicular trafficking (rab and arf) [9-12]. 
Low molecular mass GTPases can be detected in cell 
extracts or membrane fractions by resolving proteins by 
SDS-polyacrylamide g l electrophoresis (PAGE) and prob- 
ing with [ ce -32 P]GTP after renaturing transfer onto nitro- 
cellulose [13]. In order to identify members of the various 
subfamilies of small GTP-binding proteins, we recently 
combined the [a-32p]GTP-overlay method with analysis 
by two-dimensional (2-D) gel electrophoresis and estab- 
lished a mapping protocol for small GTPases [14,15]. This 
technique was applied for mapping small GTP-binding 
proteins in purified microsomal fractions of cultured hu- 
man PDL and control gingival fibroblasts ubjected to 
short-term mechanical stretching, employing the experi- 
mental system described above. 
PDL fibroblasts were obtained from the roots of healthy 
extracted third molars and gingival fibroblasts were de- 
rived from healthy gingival mucosa biopsies of the same 
individuals. Both biopsies were soaked in chick embryo 
extract and fixed by clotting to culture flasks with chick 
plasma clots. The culture medium was Dulbecco's modi- 
fied Eagle's medium supplemented with 10% fetal calf 
serum and 1% antibiotics, and incubations were performed 
in a humid environment of 5% CO2/95% air at 37°C. 
Outgrowth of the cells was first observed after about 10 
days in culture. Cell subcultures proceeded by trypsin- 
EDTA digestion, washing and replanting. Following trypsin 
digestion of the primary cultures, both PDL and gingival 
fibroblasts were seeded onto 50-mm Petriperm tissue cul- 
ture dishes (Bachofer, Germany) at a density of 4- 105 
cells per dish. Both cell types exhibited positive immuno- 
fluorescence against vimentin. The bottom surface of the 
Petriperm dishes is a gas-permeable, hydrophilic flexible 
polytetrafluorethylene thin membrane, which can be uni- 
formly stretched by being placed over a brass spheroidal 
convex template (a brass weight placed on top of the dish 
forces the membrane and the tightly attached cells to be 
stretched) (Fig. 1). The amount of stretching can be varied 
by changing the curvature of the template, and it can be 
calculated as a percentage of stretch according to the 
following formulae: If r = the radius of the sphere; d = 
the radius of the spherical cap (constant); h = the height 
of the spherical cap, and since (r - h) 2 + d 2 = r 2, then r 
= h /2  + d2/2h. Percentage of stretch = [new surface 
area - original surface area]/[original surface area], or 
(2rh - d2)/d 2 [16]. The template used in our study has a 
curvature that can produce a 2.5% increase in surface area 
(i.e., percentage of stretch = 2.5%). Cell cultures were 
grown up to aprox. 80% confluency (ensuring a transcrip- 
tionally and metabolically active population of cells) and 
then subjected to mechanical stretching for 1 h in 5% 
CO2/95% air at 37°C (brass template pre-equilibrated at 
ambient temperature). Microscopic observation of the 
stretched cells revealed uniformly elongated cells under 
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Fig. 1. Diagrammatic representation f the apparatus used to stretch PDL 
and gingival fibroblasts. Cells are cultured on a flexible membrane of a 
Petriperm dish which is placed over a brass template with a convex 
surface. A brass weight placed on top of the dish forces the membrane 
and the tightly attached cells to be stretched. 
the applied degree of stretching (2.5%). The control dishes 
(i.e., those not subjected to any stretching) were kept for 1 
h in the same incubator. A post-nuclear supernatant was 
prepared from normal and mechanically-stretched PDL 
and gingival fibroblasts as described previously [17], trans- 
ferred into a TLAI00.2 microfuge tube and centrifuged for 
30 min at 60000 rpm (Beckman TL-100 Ultracentrifuge, 
4°C). The supernatant (cytosolic fraction) was discarded, 
and the pellet (microsomes) was taken up in isoelectric 
focusing (IEF) sample buffer (see below) and processed 
for high resolution 2-D gel electrophoretic analysis. A 
combination of IEF and SDS-PAGE was used to resolve 
proteins in two dimensions essentially as described previ- 
ously [18]. For IEF the various samples were solubilized in 
9.8 M urea, 4% Nonidet P-40, 2% (v/v)  cartier ampho- 
lines (pH 7-9) (Pharmacia, Sweden) and 100 mM dithio- 
threitol. Tube gels used for the first dimension were 25 cm 
long and had an internal diameter of 2.5 mm. IEF gels 
were run at 1200 V for 17 h. The pH gradient after 
electrophoresis ranged from 4.57 to 8.03 and was linear 
between pH 4.6-7.2 [19]. The gradient was established by 
the a mixture of the following ampholines: Servalyte 
(Serva, Germany) pH 5-7, LKB (Pharmacia) pH 5-7 and 
LKB (Pharmacia) pH 3.5-10. For the second dimension 
15% SDS-PAGE (15% (w/v) acrylamide, 0.075% (w/v) 
N,N'-methylene-bisacrylamide; stacking gels were 5% 
(w/v)  acrylamide, 0.25% (w/v)  N,N'-methylene- 
bisacrylamide) was used. For transfer onto nitrocellulose 
and [ a-32 P]GTP ligand binding a modification of a proto- 
col based on the method of Lapetina and Reep was fol- 
lowed [13-15]. Proteins (60-70 /xg total) were separated 
by high resolution 2-D gel electrophoresis a described 
above, washed for 2 × 15 min in 50 mM Tris-HC1 (pH 
7.5)/20% glycerol and electrophoretically transferred onto 
nitrocellulose membrane in 10 mM NaHCO3/3 mM 
Na2CO 3 (pH 9.8). The nitrocellulose blots were rinsed for 
30 min in GTP-binding buffer (50 mM NaH2PO 4 (pH 
7.5), 10 /xM MgCI2, 2 mM dithiothreitol, 0.2% Tween 20 
and 4/zM ATP as competing substrate) and then incubated 
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with [a-32p]GTP (1 /xCi ml - l ,  spec. act. 2903 C i /mmol ;  
1 Ci = 3.7 • 10 l° Bq) for 2 h. The blots were rinsed for 60 
min with several changes of GTP-binding buffer and air- 
dried. [ a- 32 P]GTP binding was visualized by autoradiog- 
raphy (12-24 h, -80°C)  using Kodak X-Omat AR film 
with an intensifying screen. Molecular masses were deter- 
mined by comparison to prestained SDS-PAGE protein 
molecular size standards (Bio-Rad) co-electrophoresed in 
the gels and transferred onto nitrocellulose membranes. 
To assess the effect of mechanical stress on the expres- 
sion pattern of small GTP-binding proteins, PDL fibrob- 
lasts (a cell type subjected to local mechanical stimuli in 
the organism) obtained from the roots of healthy extracted 
third molars, and gingival fibroblasts (a topographically-re- 
lated cell type serving as physiological control) derived 
from gingival mucosa biopsies of healthy individuals were 
cultured and subjected to mechanical stretching for 1 h 
(Fig. 1). The percentage', of stretch applied was 2.5% 
because previous studies demonstrated that PDL fibrob- 
lasts are sensitive to a slightly higher degree of stretch 
[20], with this value appearing to function as a threshold 
([21] and initial data of this study). After 1 h, stretched and 
normal cultures were scraped from the dishes and homoge- 
nized. A post-nuclear supernatant was prepared and sub- 
jected to subcellular fractionation. Total cellular membrane 
fractions (referred to here as microsomes) were recovered 
and resolved by high resolution 2-D gel electrophoresis. 
This method allows to comprehensively study the com- 
plexity of the large superfamily of small GTPases, presently 
comprising more than 50 members. The sensitivity of the 
analysis is greatly augmented by the use of [ot-32p]GTP 
ligand binding after renaturing transfer of the proteins onto 
nitrocellulose membrane. Moreover, the [ a- 32 P]GTP-over- 
lay assay is suitable for small GTP-binding proteins only, 
whereas larger molecules uch as the a subunits of trimeric 
G-proteins cannot be detected [14]. 
The obtained 2-D GTP-binding protein profiles were 
then compared with the recently established 2-D reference 
map of mammalian GTPases [15]. Several GTP-binding 
proteins in the molecular mass range between 18 and 28 
kDa were detected in all samples (Fig. 2). These are 
referred as spots A, B and C. Spots A and B (Fig. 2a-d, A 
and B) represent wo unidentified GTP-binding protein 
spots of high intensity width apparent molecular masses of 
23.5-24 kDa, which are found at identical electrophoretic 
coordinates in all cell types and most subcellular fractions 
studied [14,15,22,23] and hence serve as internal positional 
markers. Spot C (Fig. 2a-d, C) migrates exactly at the 
electrophoretic oordinates of rabl8 [15], a protein ex- 
pressed in a broad spectram of cell types and tissues [24]. 
Several proteins appeared to be up-regulated after me- 
chanical stretching of PDL fibroblasts, while there was 
only one protein showing a strong down-regulation (Fig. 
2a-b). The down-regulated protein (Fig. 2a-b,  three thick 
arrowheads at the basic (left-most) region of the blot) 
migrates at an identical position like rhoA, a small GTP- 
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Fig. 2. [ O¢ -32 P]GTP-overlay assay of small GTP-binding proteins after 
high resolution 2-D gel electrophoresis. Microsome fractions were pre- 
pared and equal amounts of protein (60 /xg) were separated by 2-D gel 
electrophoresis, transferred onto nitrocellulose membrane and then incu- 
bated with [ a- 32 P]GTP and visualized by autoradiography (12 h, - 80°C). 
Proteins labelled A, B and C in panels a-d were used as internal markers 
with respect to their relative lectrophoretic position on the blot. Up-and 
down-regulated proteins are indicated with arrows and arrowheads and 
discussed in the text. (a), PDL fibroblasts; (b), PDL fibroblasts subjected 
to mechanical stretching for 1 h; (c), gingival fibroblasts; (d), gingival 
fibroblasts subjected to mechanical stretching for 1 h. The area of the 
blots shown here represents the 18-28 kDa molecular mass range after 
15% SDS-PAGE. The directions of 1EF-and SDS-PAGE are as indicated. 
binding protein regulating a signal transduction pathway 
that links plasma membrane receptors to the assembly of 
focal adhesions and actin stress fibers [25]. RhoA was not 
detectable in microsomal fractions from gingival fibrob- 
lasts (Fig. 2c-d). Among the up-regulated proteins in 
stretched PDL fibroblasts (as judged by comparative quan- 
titation of all spots in blots a and b) was a protein 
migrating between spots A and B (Fig. 2a-b,  thick arrow), 
which could be identified as rab6. Rab6 is an ubiquitous 
mammalian protein primarily located on medial and 
trans-Golgi  cisternae and on the trans-Golgi  network 
(TGN). It is also found on some post-Golgi vesicles in 
various cell types and tissues and regulates everal trans- 
port steps at the Golgi and post-Golgi levels [26-28]. The 
protein species between spots B and C (Fig. 2a-b,  thin 
arrowhead) migrates at the electrophoretic coordinates of 
rabl7 [15], a GTPase that is specific for epithelial cells and 
is induced during cellular differentiation [29]. Northern 
blot analysis on various mouse tissues revealed that the 
rabl7 mRNA is present in organs with a high proportion 
of epithelial cells. Finally, an unidentified protein migrat- 
ing immediately to the right of spot C, with approximately 
the same molecular mass (Fig. 2a-b,  lower thin arrow), 
and the most acidic (right-mos0 protein spot (Fig. 2a-b,  
upper thin arrow) most likely representing rab3a or 3b 
([30]; a subfamily of small GTP-binding proteins impli- 
cated in triggered exocytosis) were also up-regulated, 
In contrast o PDL fibroblasts, gingival fibroblasts ex- 
hibited a more simplified 2-D pattern of small GTP-bind- 
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ing proteins. Both cell types shared the same common 
proteins (Fig. 2a-d, spots A, B and C), but PDL fibrob- 
lasts also exhibited specific enrichment of other GTP-bind- 
ing proteins (compare panels a and c in Fig. 2). Impor- 
tantly, however, gingival fibroblasts howed no significant 
changes in the levels of small GTP-binding protein expres- 
sion after stretching (Fig. 2c-d). Therefore, the combina- 
tive use of high resolution 2-D gel electrophoresis and 
[ O~-32 P]GTP ligand binding allowed the identification of a 
specific expression pattern of small GTP-binding proteins 
in PDL fibroblasts responding to mechanical stimulation. 
The process of recognizing and responding to mechani- 
cal stimuli is crucial for the growth, function and differen- 
tiation of living cells. A variety of mechanosensory func- 
tions, response of endothelial cells to blood flow and last 
but not least bone remodelling of the whole skeleton, 
involve specialized mechanotransduction systems. Never- 
theless, the precise molecular mechanism by which indi- 
vidual cells recognize and respond to external forces is still 
obscure. Stretch-sensitive ion channels, adenylate cyclase 
and protein kinase C alter their activity in response to 
applied stress, and induction of these signalling molecules 
appears to be mediated through changes in the cyto- 
skeleton ([31 ] and references therein). Although changes in 
cytoskeletal organization are a ubiquitous response to me- 
chanical perturbation, the mechanism by which forces are 
transmitted across the cell surface and transduced into a 
cytoskeletal response remains unknown ([31] and refer- 
ences therein). Analysis of mechanotransduction in special- 
ized force-sensing cells suggests that extracellular matrix 
attachments are the sites at which forces are transmitted to
cells. As in any architectural structure, mechanical loads 
are transmitted across the plasma membrane and into the 
cell by means of structural elements that are physically 
interconnected. Transmembrane extracellular matrix recep- 
tors, such as members of the integrin family, are excellent 
candidates for mechanoreceptors because they bind actin- 
associated proteins within focal adhesions and thereby 
physically link extracellular matrix with cytoskeletal 
microfilaments ([31] and references therein). It is known 
that integrin receptors found on cell surfaces are linked 
intracellularly to cytoskeletal proteins which control cell 
shape [32-34]. When an integrin receptor is perturbed by 
mechanical means or bound by an extracellular matrix 
protein such as fibronectin, changes in cell shape and 
cytoskeletal organization may occur [35]. These changes 
have been shown to alter the distribution and function of a 
variety of plasma membrane proteins, including hormone 
receptors and transport proteins [36-38]. According to 
Jiang and Schindler [39], nuclear shape has an important 
role in regulating nuclear transport and facilitates the 
delivery of growth factors to receptor complexes in the 
nuclear membrane. 
The present analysis clearly demonstrates that primary 
cell cultures of stretch-sensing cells such as the PDL 
fibroblasts respond to mechanical stretching by a cell 
type-specific mechanism which incorporates members of 
tab and rho GTPases. These small GTP-binding proteins 
have been shown to play pivotal roles in all the aforemen- 
tioned processes. Rab proteins are localized to distinct 
intracellular compartments and a combination of in vitro 
and in vivo studies have demonstrated their involvement in
the regulation of different exocytic and endocytic transport 
functions [ll,12]. The rho subfamily of proteins (with 
rhoA as prototype) also regulate signal transduction path- 
ways by linking cell surface receptors to the assembly of 
active integrin complexes and associated polymerized actin 
[9]. It remains to be determined whether the differential 
expression of rab and rho low molecular mass GTPases 
identified and mapped here, reflects an altered ability of 
PDL fibroblasts to organize their cytoskeletal rchitecture 
and intracellular protein transport machineries which is 
triggered by mechanical stimulation. Furthermore, recent 
data indicate that the expression of cell type-specific tab 
proteins is modulated uring differentiation [22,23,29,40]. 
The PDL fibroblasts used in this study have been tested 
and shown to elicit phenotypes typical of osteoblasts, uch 
as the ability to mineralize in vitro at day 16, markedly 
increased alkaline phosphatase activity from day 4 to day 7 
and response to treatment with l a,25-dihydroxyvitamin 
D 3 and parathyroid hormone. By contrast, no similar re- 
sponses were observed in gingival fibroblasts (data not 
shown). However, further work will be necessary to iden- 
tify the specific candidate(s) for a stretch-induced small 
GTPase(s) and to find out how this protein(s) might regu- 
late entry of PDL fibroblasts into the differentiated state 
and acquisition of the osteoblast phenotype. To this end, 
we have recently shown that proteins correlating in iso- 
electric properties and molecular mass with small GTPases 
are implicated in specific response of mandibular condylar 
chondrocytes to mechanical pressure [41], and posed that 
this response would potentially inspire entry of these cells 
into the differentiating pathway (i.e., transition from the 
progenitor to the chondroblastic state). 
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